Background: Calorie-restricted, fat-depleted Goat −/− mice develop profound hypoglycemia resulting from lack of ghrelin-mediated growth hormone release. Results: Hypoglycemia is caused by decreased gluconeogenesis and reversed by gluconeogenic precursors (lactate and alanine) or fatty acids.
INTRODUCTION
Chronic starvation is a repeated threat to survival of animals of all species. Indeed, about 15% of the current human population is estimated to suffer from severe malnutrition, and one-half of all deaths in children less than 5 years of age (~6 million deaths per year) arise from malnutrition (1, 2) . Over the centuries, starvation has exerted profound evolutionary pressure that has selected for a variety of adaptive mechanisms to support life. Paramount among these mechanisms is the necessity to maintain blood sugar concentrations sufficient for brain function (3) . The adaptive mechanisms are particularly strained when chronic starvation has depleted the body of its other source of energy − namely, fatty acids stored as triglycerides (3, 4) .
Recently, our laboratory has begun to study the adaptation to chronic starvation, focusing on the essential roles of two peptide hormones, ghrelin and growth hormone (5) (6) (7) . Ghrelin is a peptide hormone of 28 amino acids that contains an 8-carbon fatty acid, octanoate, attached in ester linkage to serine-3 (8) . Most ghrelin is produced in the stomach. The peptide was discovered based on its ability to stimulate the release of growth hormone from the pituitary, an action that absolutely requires the octanoate adduct (9) . Two observations in rodents and humans linked ghrelin to appetite control: 1) administration of excess ghrelin was shown to increase food intake (10-12); and 2) plasma ghrelin concentrations were observed to increase markedly before meals and to decline dramatically after feeding (13, 14) . However, an essential role of ghrelin in controlling food intake in rodents was ruled out by gene knockout experiments that demonstrated little, if any, change in food intake when animals were rendered deficient in ghrelin (15, 16) , the ghrelin receptor (17), or ghrelin Oacyltransferase (GOAT), the enzyme that attaches octanoate to ghrelin (5) .
Ghrelin was linked to starvation when we showed that Goat knockout mice were unable to maintain their blood sugar levels in a viable range when the animals were subjected to severe chronic calorie restriction (5) .
In these experiments, wild-type (WT) mice and Goat −/− homozygotes were fed diets containing only 40% of the calories that they normally would consume. Under these conditions, WT and Goat −/− mice both lost about 30% of body weight within 72 h. Over this time, body fat stores were drastically depleted so that body fat accounted for less than 2% of body weight. Despite this depletion, WT mice maintained blood sugar levels in the range of 60 mg/dl and showed normal activity. In contrast, after 3 days of calorie restriction, Goat −/− mice began to exhibit a gradual fall in blood sugar, reaching as low as 20 mg/dl on days 7-9, at which point the animals were moribund. The adaptation of WT mice to starvation was accompanied by increases in the plasma concentrations of ghrelin and growth hormone, which rose higher each day. These increases did not occur in the Goat −/− mice. Administration of either ghrelin or growth hormone by osmotic minipump restored the ability of the Goat −/− mice to maintain blood sugar levels and survive the severe calorie restriction (5) . These previous studies did not address the mechanism for hypoglycemia in the ghrelin-deficient mice. The current studies were designed to probe the mechanism for the profound hypoglycemia in the calorie-restricted, ghrelindeficient mice. Our experiments reveal: 1) that hypoglycemia occurs only when an acute starvation of 20 h is superimposed on the adiposedepleted state; 2) that this hypoglycemia is caused by reduced glucose production associated with marked decreases in plasma concentrations of lactate and pyruvate, two major substrates for gluconeogenesis (18, 19) ; 3) that blood glucose can be restored to WT levels by injection of lactate, pyruvate, and alanine, all of which are readily converted to glucose (3, 19) ; and 4) that the reductions in plasma lactate levels and glucose production can be reversed by injection of a medium chain fatty acid that cannot be converted to glucose, but can provide a necessary source of energy for gluconeogenesis in these fat-depleted mice. (21, 22) . Mice were infused at 0.3 µCi/min from 0-20 min, followed by 0.1 µCi/min from 20-90 min. The mice were then bled from cut tails at 45, 60, 75 and 90 min after infusion. Blood glucose level was measured at each time point with a Bayer Glucose Meter. The content of 3 H-radioactivity in blood was measured as follows: 4 μl of plasma was deproteinized with barium hydroxide and zinc sulfate, after which the supernatant was evaporated, resuspended in 1 ml of water, and subjected to liquid scintillation counting in 10 ml of counting cocktail (3a70B, Research Products International). Whole bodyglucose production was calculated by dividing the steady state tracer infusion rate (0.1 μCi/min) adjusted for body weight (dpm/kg/min) by the plasma glucose specific activity (dpm/mg) (23).
EXPERIMENTAL PROCEDURES

Materials
RESULTS
In our previous studies of the role of ghrelin in starvation, we used mice that lacked ghrelin as a result of loss of the Goat gene (5). These animals continued to secrete des-acyl ghrelin. To rule out a contribution of des-acyl ghrelin to the starvation phenotype, we performed a calorie restriction experiment in previously described mice that lack the gene for preproghrelin (designated Ghrl) and hence cannot produce either ghrelin or des-acyl ghrelin. WT and Ghrl −/− mice were placed on a starvation diet containing 40% of their normal caloric intake. Animals were fed each day at 6 pm. After two days of calorie restriction, WT and Ghrl −/− mice became ravenous and ate all of their food within 1 h. Blood was drawn at 5:30 pm after the animals had gone nearly 23 h without food. After 4 days of calorie restriction, both WT and Ghrl −/− mice lost ~25% of their body weight (Fig. 1A ), but unlike WT mice, ghrelin knockout mice developed hypoglycemia, just as previously reported for Goat knockout mice (Fig. 1B) . The mice were killed on day 9 when the blood sugar in the Ghrl −/− mice had reached the range of 16-37 mg/dl. WT mice maintained blood sugars in the 50-60 mg/dl range throughout this period. By day 9 the WT mice exhibited marked increases in plasma ghrelin, desacyl ghrelin, and growth hormone ( Fig. 1 
, C-E).
Ghrelin and des-acyl ghrelin were undetectable in the Ghrl −/− mice, and the rise in growth hormone was much less pronounced.
To further investigate the hypoglycemia of ghrelin deficiency, we returned to the Goat knockout mice. Remarkably, even after 8 days of calorie restriction Goat −/− mice had the same blood sugar level as WT mice when measured at 9 am, which was 14 h after the last meal ( Fig. 2A) . The WT mice maintained this blood sugar level throughout the day. However, in the Goat −/− mice blood sugar began to decline after noon and reached its nadir at 6 pm. Blood sugar rose above 100 mg/dl in both strains immediately after feeding. In WT mice plasma ghrelin, des-acyl ghrelin, and growth hormone levels began to climb after noon and reached a peak at 6 pm, immediately before the next meal ( Fig. 2 
, B-D).
These values declined rapidly after feeding. In the Goat −/− mice, des-acyl ghrelin was the only one of these peptides to rise during the day, and it, too, declined after feeding (Fig. 2C) . A nearly identical diurnal result was observed in Ghrl −/− mice except that their des-acyl ghrelin did not rise (Supplemental Fig. 1 ). After 6 days of calorie restriction, plasma insulin was below the limit of detection in all mice from 10 am to 6 pm and rose markedly after feeding in both mouse strains (Fig. 3B) . In direct opposition, plasma glucagon levels were elevated throughout the day in both strains and fell dramatically after feeding (Fig. 3C ). Plasma levels of free fatty acids ( Fig. 3D ) and the ketone body β-hydroxybutyrate (Fig. 3E ) were similar in both strains, falling throughout the day and rising after feeding. Plasma levels of the gluconeogenic precursors lactate and pyruvate declined modestly throughout the day in WT mice ( Fig. 3, F and G 
4, A-D).
In the Goat −/− animals, the injections were sufficient to prevent hypoglycemia. Alanine is readily converted to pyruvate and then to glucose (3, 19) . Unlike lactate or pyruvate, alanine did not raise the blood sugar in WT mice, but it did prevent hypoglycemia in the Goat −/− animals (Fig. 4, E and F) . A notable feature of the calorie-restricted mice is the extremely low concentration of free fatty acids that develops in both strains in the afternoon (Fig. 3D) . Despite this deficiency, WT mice are able to maintain their blood glucose, whereas Goat −/− mice become hypoglycemic. Fatty acids cannot be converted directly to glucose, but they can supply energy for glucose production (25) . To determine whether administration of fatty acids could correct the hypoglycemia in Goat −/− mice, we injected calorie-restricted mice with octanoate. We chose octanoate because it is water soluble and easier to deliver than are long-chain fatty acids. Fig. 5 shows that two intraperitoneal injections of octanoate at 2 pm and 4 pm prevented the drop in blood sugar in the calorierestricted Goat −/− mice. The plasma ghrelin concentration remained undectable in the Goat −/− mice injected with octanoate.
To confirm that the deficiency of fatty acids is responsible for the hypoglycemia in calorie restricted Goat −/− mice, we pretreated a group of mice with a high-fat diet for 4 weeks to increase their adipose tissue stores prior to beginning calorie restriction. After the high-fat diet, the body weights of the WT and Goat −/− mice increased by an average of 2.8 and 5.1 g, respectively. All of the mice were then switched to a diet composed of 1.4 g of chow, which was the average amount fed to our previous calorierestricted mice (day 0 in Fig. 6 ). In the previously chow-fed WT and Goat −/− mice, the percentage of body fat declined below 2% after 5 days of calorie restriction. After the high fat feeding, body fat did not fall below the 2% threshold until 12 days of calorie restriction (Fig. 6, A and B) . Likewise, the fall in plasma free fatty acids was also markedly delayed in the fat-fed mice of both strains, reaching the nadir of 0.4 mM after 7 and 14 days in the chow-fed and fat-fed mice, respectively (Fig. 6, C and D) . The fall in plasma β-hydroxybutyrate was also delayed in the previously fat-fed mice as compared with the previously chow-fed mice (Fig. 6, E and F) . Blood glucose in the previously chow-fed Goat −/− mice fell below 40 mg/dl at day 6, and the animals were moribund at day 8 (Fig. 6H) . In contrast, the previously fat-fed Goat −/− mice appeared healthy up until day 12 when their blood glucose fell below 40 mg/dl (arrows in Fig. 6H ) and they survived until day 14. Supplemental Fig. 2 shows blood glucose as a function of percent body fat in the calorie-restricted Goat −/− mice. Irrespective of the previous diet, blood glucose did not fall below 40 mg/dl until the fat mass declined below 2% of body weight. This correlation persists even though the previously chow-fed mice required only 6 days to reach this threshold, whereas the previously fat-fed mice required 12 days. The data of Figs. 5 and 6 suggest that the hypoglycemia in calorie-restricted Goat −/− mice is dependent on a deficiency of plasma free fatty acids that results from the deficiency of body fat. To determine whether the hypoglycemia is caused by reduced glucose production or enhanced glucose clearance, we performed a [ 3 H]glucose infusion experiment (Fig. 7) . First, we placed indwelling catheters in the jugular veins of WT and Goat −/− mice. After several days of adaptation to the catheters, the mice were subjected to calorie restriction. On day 6 at 2 pm and 4 pm, some of the mice were injected with octanoate intraperitoneally. Beginning at 4 pm, we infused a tracer loading dose of [ 3 H]glucose into the jugular vein followed by a maintenance infusion of the tracer.
To present these results, we first focus on the animals that did not receive octanoate (black circles in Fig. 7) . During the infusion period, total plasma glucose fell slightly in both strains but it remained higher in WT mice (black circles in Fig.  7A ) than in Goat −/− mice (black circles in Fig. 7B ).
The level of 3 H-radioactivity was constant and higher in Goat −/− mice than in WT mice (Fig. 7, C and D). As a result of the higher level of radioactivity and the lower level of total glucose, the specific radioactivity of the [ 3 H]glucose in the Goat −/− plasma was much higher than in WT mice (Fig. 7, E and F) . From these data we were able to calculate glucose production rates using the formula of Wolfe and Chinkes (23) (see Experimental Procedures). In WT mice, the calculated production rate was 25 mg/kg/min, whereas in Goat −/− mice the production rate was reduced to 9 mg/kg/min (Fig. 7, G and H) . A similar result was obtained in an independent experiment shown in Supplemental Fig. 3 . The data for mice that received octanoate is shown in red in Fig. 7 . As before, octanoate injections restored blood glucose in Goat −/− mice to the same level seen in WT mice (Fig. 7, A and  B) . The specific radioactivity of blood glucose was lowered dramatically in Goat −/− mice so that it equaled that in WT mice (Fig. 7, E and F) . The octanoate injection did not alter the calculated glucose production rate in WT mice (Fig. 7G ), but it markedly increased glucose production in Goat −/− mice so that the rate equaled that of WT mice (Fig. 7H) . According to the formula of Wolfe and Chinkes (23) , the glucose production rate equals the steady-state [ 3 H]glucose infusion rate divided by the plasma glucose specific radioactivity.
Inasmuch as the specific radioactivity declined in the octanoate-injected Goat −/− mice and the [ 3 H]glucose infusion rate remained constant, the glucose production rate must have increased. If the octanoate-induced increase in plasma glucose were caused by a decrease in glucose clearance from plasma without a change in the production rate, the steady-state specific activity of plasma [ 3 H]glucose would not have changed.
At the end of this experiment, we measured the concentration of lactate in the plasma of the mice. In WT mice, the octanoate infusion raised plasma lactate by 45% from 1.63 ± 0.15 mM to 2.36 ± 0.36 mM. The increase in lactate was larger in the Goat −/− mice (155%), rising from 0.91 ± 0.08 mM to 2.32 ± 0.28 mM. Considered together, these data indicate that the octanoate injections in the calorie restricted Goat −/− mice raised plasma lactate and restored glucose production to the same level as seen in WT mice.
DISCUSSION
The current results demonstrate that hypoglycemia in ghrelin-deficient mice has two prerequisites: 1) it requires chronic calorie restriction that severely depletes fat stores; and 2) in addition, it requires acute starvation for 20 h superimposed on fat depletion.
The first requirement was confirmed by experiments in which we first fed Goat −/− mice a high fat diet to increase fat stores (Fig. 6 ). When these mice were switched to a calorie-restricted diet, it took twice as long to deplete their fat below 2% of body weight as compared with Goat −/− mice that were previously fed normal chow (12 days vs. 5 days). Similarly, it took twice as long for the fat-fed mice to develop hypoglycemia defined as blood sugar below 40 mg/dl (12 days vs. 6 days). The delay in hypoglycemia also correlated with a delay in two other signs of fat depletion − namely, profound declines in plasma free fatty acids and β-hydroxybutyrate.
The second prerequisite, a 20-h fast superimposed on fat depletion, was documented by following blood glucose through a 24-h cycle ( Figs. 2 and 3 ; Supplemental Fig. 1 ; Supplemental Table I ). WT and Goat −/− mice were fed the calorie-restricted diet at 6 pm each day. After a few days, mice of both strains consumed their entire food ration within 1 h. After 7 days, at 9 am mice from both strains had similar levels of blood sugar (60 mg/dl). At this time, in both strains plasma insulin was low, glucagon was high and the liver had abundant glycogen. Over the next 8 h, in both strains plasma free fatty acids and ketone bodies fell. Liver and muscle glycogen declined drastically. Despite these deficiencies, WT mice maintained blood sugar in the range of 60 mg/dl, but Goat −/− mice exhibited a profound fall to the range of 20-40 mg/dl. The starvationinduced fall in blood sugar in the Goat −/− mice was correlated with a marked fall in plasma lactate and pyruvate, which fell well below the levels seen in WT mice. These levels, along with blood sugar, rose promptly after the mice ingested their next meal. The pathogenic relevance of the declines in plasma lactate, pyruvate, and free fatty acids was established by experiments in which we corrected the hypoglycemia in Goat −/− mice by injecting lactate, pyruvate, or octanoate (Figs. 4 and 5) . The hypoglycemia was also corrected by injecting alanine, which is readily converted to pyruvate and then to glucose (3, 18, 19 3 ). Plasma lactate levels and glucose production were both returned to WT levels after injection of octanoate (Fig. 7) . Although fatty acids such as octanoate cannot be converted to glucose, they can supply energy for gluconeogenesis in the liver (25) . One possibility is that the increased glucose production in liver leads to increased glucose uptake into muscle with subsequent glycolysis to lactate, thereby restoring the Cori cycle (19) . Further experiments will be needed to test this hypothesis. Many classic studies have characterized the response to acute starvation in animals and humans with normal adipose tissue stores (3). However, much less attention has been paid to starvation superimposed upon adipose tissue depletion. In adipose-replete animals, starvation leads to release of fatty acids from adipose tissue. Although fatty acids cannot be converted to glucose, they help maintain blood glucose by sparing glucose utilization in muscle and by providing energy and reducing equivalents that are required for gluconeogenesis in liver and kidney. In liver, fatty acid oxidation produces ketone bodies, exemplified by β-hydroxybutyrate, which supply energy to muscle and brain. Growth hormone plays a key role in this acute adaptation by stimulating adipose tissue lipolysis, thereby increasing free fatty acid levels in blood. In muscle, the fatty acids are rapidly converted to fatty acyl-CoAs and a portion is used to form diacylglycerols. Within 1-2 h, these fatty acidderived products inhibit glucose uptake, thus helping to maintain blood glucose concentrations (26, 27) .
Ghrelin does not play an essential role in this early response to starvation since Goat −/− mice are able to maintain normal blood glucose concentrations during acute starvation as long as their adipose tissue can supply fatty acids. The requirement for ghrelin appears when acute starvation occurs in an animal that cannot release sufficient fatty acids, owing to adipose tissue depletion that was elicited by previous calorie restriction. Our working model for the role of ghrelin is described below. As adipose tissue disappears, starvation in WT mice induces progressively higher plasma ghrelin and growth hormone levels (5). These hormones allow the animal to maintain viable levels of blood sugar during fasting even though little or no fatty acids are available. Maintenance of blood sugar is contingent upon continued gluconeogenesis. In the absence of ghrelin, fatdeficient mice cannot maintain normal levels of gluconeogenesis, which occurs largely in liver and kidney. Reduced delivery of glucose to muscle leads to reduced release of lactate, the product of muscle glycolysis (3). As a result of a deficiency of energy and substrate, the liver cannot maintain sufficient rates of gluconeogenesis even though glucagon levels are high and the liver has responded by increasing the mRNAs encoding gluconeogenic enzymes such as phosphoenolpyruvate carboxykinase and glucose-6-phosphatase (5). Ghrelin is required only to release growth hormone since hypoglycemia can be prevented by infusion of growth hormone in the absence of ghrelin (5) . A key question for future studies is how elevated growth hormone allows livers of WT mice to maintain sufficient energy to permit sustained gluconeogenesis even in the absence of fatty acids.
Observational evidence indicates that the ghrelin-growth hormone axis is likely to function in protecting humans from hypoglycemia during starvation as it does in mice. Plasma ghrelin and growth hormone levels are both markedly elevated in humans with severe calorie restriction resulting from either famine/protein-energy malnutrition (28) (29) (30) (31) or from anorexia nervosa (32) (33) (34) . Like the calorie-restricted mice in which plasma IGF-1 levels are extremely low despite high growth hormone levels (5), the elevated growth hormone levels in starved humans are also paradoxically associated with low levels of plasma IGF-1, a hormone that is normally elevated in response to growth hormone action in the liver.
The combination of high growth hormone and low IGF-1 has been interpreted by some to indicate that starving humans are resistant to the actions of growth hormone (35) . Our findings suggest the contrary: they suggest that the elevated growth hormone is actually contributing to the maintenance of blood glucose. Growth hormone must be acting through a signaling mechanism that does not involve IGF-1. Further studies of calorierestricted, WT days as described in Experimental Procedures, having received their last food at 6 pm on day 5. On day 6, blood was obtained at the indicated time for measurement of glucose (A), insulin (B), glucagon (C), free fatty acids (D), β-hydroxybutyrate (E), lactate (F), and pyruvate (G). Food was given on day 6 at 6 pm (arrow). Each value represents mean ± SEM of data from 6 mice except for glucagon, which was measured using pooled samples from 6 mice. Asterisks denote level of statistical significance (Student's t test) between WT and Goat −/− mice. *, p < 0.05; **, p < 0.01; ***, p < 0.001. restriction. 4-week-old male littermates were fed ad libitum either a chow diet or a high-fat diet for 4 weeks and then subjected to calorie restriction by feeding each mouse 1.4 g chow diet each day as described in Experimental Procedures. Body composition (A, B), plasma free fatty acids (C, D), plasma β-hydroxybutyrate (E, F) and blood glucose (G, H) were measured every 1-2 days at 5:30 pm (30 min prior to feeding). Each value represents mean ± SEM of data from 6 mice.
FIGURE 7. Whole-body glucose production in calorie-restricted WT and Goat −/− mice in the absence or presence of octanoate. 8-week-old male littermates were implanted with jugular vein catheters 4 days before 60% calorie restriction as described in Experimental Procedures. On day 6 of calorie restriction, the mice were injected intraperitoneally with either NaCl or sodium octanoate (3 µmol/g body weight per injection). Each mouse received 2 injections (2 pm and 4 pm) as described in Fig. 6 . After the last injection (4 pm), each mouse received a continuous infusion of [3-3 H]glucose (31 dpm/fmol). The infusion rate was 0.3 µCi/min from 0-20 min, followed by 0.1 µCi/min from 20-90 min, after which blood was obtained at the indicated time for measurement of its content of glucose (A, B) and 3 Hradioactivity (C, D). Specific activity of blood glucose (E, F) and whole-body glucose production (G, H) were then calculated as described in Experimental Procedures. Each value represents mean ± SEM of data from 6 mice. Asterisks (*) denote level of statistical significance (Student's t test) between mice injected with octanoate and mice injected with NaCl. **, p < 0.01; ***, p < 0.001. 
